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The study of a quasi back-to-back isolated pair made of a heavy quarkonium, such as a Jjf or a Y, and a 
photon produced in proton-proton collisions at the LHC, is probably the optimal way to get right away a first 
experimental determination of two gluon transverse-momentum-dependent distributions (TMDs) in an unpo¬ 
larized proton, /* and the latter giving the distribution of linearly polarized gluons. To substantiate this, 
we calculate the transverse-momentum-dependent effects that arise in the process under study and discuss 
the feasibility of their measurements. 
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1. Introduction 

It is nowadays well recognized that an important class of observables at particle colliders are transverse^- 
momentum distributions of final state events. While a transverse-momentum {qj) distribution can be de¬ 
scribed within the standard collinear factorization approach for large q^, it is convenient and sometimes 
necessary to resort to an alternative factorization approach for small qj, typically qj ~ Mp <g: Q, Mp being 
the proton mass and Q the hard scale of the process under investigation. This alternative approach, called 
Transverse-Momentum-Dependent (TMD) factorization (see e.g. Ref. 1), takes into account the transverse 
motion of partons w.r.t. the direction of the parent proton. In this picture the small final-state transverse 
momentum qr is a consequence of the parton transverse momenta. Hence, the non-perturbative distribution 
functions entering a TMD factorization formula not only depend on the collinear momentum fractions .r, 
but also on the transverse momentum pj. 

The information on the transverse-momentum dependence of unpolarized and linearly polarized gluons 
in an unpolarized proton is encapsulated in the following TMD correlator <l)g, which describes the transition 
from a proton to a gluon, such that 



( 1 ) 


'with respect to the beam axis 
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The gluon four-momentum p is decomposed p = xP + pj + p~n, where n is a lightlike dimensionless 
vector, conjugated to the momentum P of the parent proton, with no transverse components and satisfying 
the relation = {In-P)^ jn^ (one assumes an analogous decomposition for k and one takes p~ = = 0), 

pI = -p^ and - P^^rb' jP ■ n - n^^P'' jP ■ n. In addition, is the gluon field strength. At leading 

twist, <l)g is parametrized^ in terms of the two gluon TMD distributions discussed above, and . In 
Eq. (1), the gauge link is needed to render the matrix element gauge invariant. It runs from 0 to ^ via 
minus infinity along the n direction. 

A model-independent positivity bound for was derived in Ref. 7 and reads 


\h-l^{x,pl)\ < ff{x,pl). 


( 2 ) 


Since it is T-even, /jj does not necessarily vanish in absence of initial and final sfafe inferacfions. This does 
nol prevenf if fo be nonuniversal if if receives confribufions from such inferacfions. 

A number of suggesfions fo measure fhese unknown TMDs, and h'^^, have been discussed in fhe lif- 
erafure. Whereas can, in principle, be exfracfed from fhe azimufhal dependence of fhe dijef producfion 
in pp collisions'^, TMD-facforizalion breaking effecls may be significanl in fhis case due fo fhe exisfence 
of bofh inifial and final sfafe inferacfions^. To avoid fhese, one may prefer fo rely on heavy-quark or dijef 
e/ecfro-producfion^’^ which would however only be sfudied af a fulure EIC facilily. Diphofon production^ 
should also nof be sensifive fo faclorizalion-breaking effecls. If however suffers from a huge background 
and from confaminafions from quark-induced channels af RHIC energies which may preclude a clean gluon 
TMD extracfion. If has recenfly been proposed'® fo look af C = -i-l quarkonium producfion in fhe region 
where Iheir Iransverse momenlum is smaller fhan fheir mass. A one-loop analysis has shown fhaf '^o pro- 
ducfion may be safer'^ fhan fhat of ^Pj where color-ocfel confribufions mighl spoil faclorizalion'^. Eow-^r 
C = -1-1 quarkonium producfion may however be very challenging af fhe EHC; a firsl sludy of pc producfion 
has jusl been carried oul by fhe EHCb bul for qj > 6 GeV. Prospecls are certainly more promising wifh fhe 
proposed EHC fixed-largel experimenf AETER@EHC(see e.g. Ref. 14, 15, 16, 17). 

We claim here fhaf polarized and unpolarized gluon TMDs can be accessed righf now af fhe EHC Ihrough 
fhe reaction'^ 


p{Pa) + p{Pb) ^ Q{Pq) + y{Py) + x, (3) 

where now Q is one of fhe C = -1 charmonium or bolfomonium (e.g. Jji}/ or T) produced almosl back-lo- 
back wifh a photon. In fhis case, fhe momenlum imbalance of fhe pair in fhe final sfafe, qj = Pqj + Pyj, is 
small, buf nof fhe individual iransverse momenfa of fhe fwo particles. These should be well delecfable by 
fhe ATEAS or CMS defeclors for insfance. As we discussed in Ref. 18, bofh fhese final slafes are always 
produced by gluon fusion (fhis is in facl also Irue af lower energies'^), as illuslraled by fhe fhin and fhicker 
curves on Eig. 4. In fhis parlicular configuralion, fhe process T -i- y is expecled fo be dominated by fhe color- 
singlel confribufions'^ (see fhe solid blue and dashed orange curves on Eig. 4), hence TMD faclorizalion 
should be applicable since fhe final-slale inferacfions are expecled fo be suppressed. In fhe case of 7/i/r + y, 
a precise assessemenl of a possibe color-singlel dominance depends a more precise knowledge of color 
ocfel NRQCD malrix elemenls, which is still lacking^®’^'’^^. To be on fhe safe side and fo single oul fhe 
color-singlef confribulion, if could be useful to isolafe fhe Jjijj. If may also be useful fo measure //i/^ -i- y 
producfion (see Ref. 23 and references fherein) in general in order fo check fhe possible conlribufion from 
Double-Parfon Scafferings (DPS). 
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Fig. 1. Color-octet and color-singlet contributions from g-g fusion and q-q annihilation channels to the production 
of a photon with a) an T and b) a 7/i/r as a function of Q, the invariant mass of the pair. The curves for the q-q 
annihilation are respectively rescaled by a factor 100 (50) in a) (b)). 

It has however recently been emphasised in an analysis of Higgs plus jet production at the LHC^^ that 
it may not be necessary to restrict the analyses to final states made only of colorless particles for the TMD 
factorisation to be applicable, provided that one of the particles used to measure the momentum imbalance 
is colorless. If this is the case, color-octet contributions to quarkonium -r photon would not break the TMD 
factorisation. By extension, the study of the momentum imbalance in Jlip plus jet could also be used to 
extract gluon TMDs. At this point, let us mention that back-to-back Jjij/ + Z, which has been studied by 
ATLAS^^, could also be used to extract gluon TMDs. The arguments in favor of this observable are that 
it would probe them at higher scales {Q ^ mz) and provide us with information on their evolution (see 
Ref. 29), that in disfavor is the very small expected yield^°. On the contrary, //i/^ -i- IT is likely contaminated 
by quark-induced contributions^ ^ In addition, both 7/i/^ -t Z and Jlijj -i- IT are likely be contaminated by 
significant DPS contributions^^’^^ ; a careful study of their suppression by the small-momentum-imbalance 
requirement would therefore be needed. The same proviso holds for quarkonium-pair production^®’^^’^*. 


2. TMD formalism for photon-quarkonium production 

In the TMD-factorization approach, the cross section for near back-to-back Q + y production is given by 


dcr - 


- — fi 

2s j 


2 2 A 

dXa dxt d Pr^a d PT,b , ^_2 ^ ^ d [Pa+Pb-PQ “ Py) 


Idn^EQEy 

XTr {^g{Xa,PT,a^ ^,p)d>g{Xb,PT,b, (gg 


Qy)f 


(4) 


where 5 = (Pa + Pb)^ is the total energy squared in the hadronic centre-of-mass frame. We stress that the 
qj dependence of the cross section is completely factored out from the hard-scattering amplitude squared 

mgg^Qy)t 
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S™(GeV-2) _ ggj g S®(GeV-^) 



Fig. 2. Evaluation of the azimutally-modulated qj spectra S^qj, and S^qj given in Eq. (8) for the process p p 
QyX, for = 14 TeV, g = 20 GeV, F = 0, 6> = 7r/2. 


One then finds that 

do- _ 4a2a2e^|7?o(0)p 

dQdFd^^j^dO 344^ + 1)^ - (y^ - 1)^ cos^ 6 ) 

X c[/f/f ] + Fs c[>V3/f /j|^ + (.tCfl Xb)\ cos 2 (p+ F 4 C [>V4/i|^/i|®] cos 4^} , 


where Q and Y are, respectively, the invariant mass and the rapidity of the pair, Xa^ - exp[±F] Qj ^ and 
the solid angle Q = {G, (p) is measured in the Collins-Soper frame'’ and 


C[wfg] ^ 


= J d^pT,a J d^PT,b b^(PT,a + PT,b - qT)w{pT,a, PT,b) fixuplj g(x2, pIJ. 


In Eq. (5), /?o(0) is the quarkonium radial wave function at the origin in the position space and cq is the 
heavy-quark charge in units of the proton charge. The factors Fi are given by Fi = 1 - 1 - 2y^ + 9y^ + { 6 y^ - 
2) cos^ 0-i-('y^-l)^ cos^ 0, F 3 = Ay^ sin^ 0 andf 4 = (y^-1)^ sin^ 0 withy = Q/Mq. The explicit expressions 
for the transverse weights are 


^tPIt - 2{qT-pbTr 

2Mlql = 


PaT'PbT {PaT'qi ){PbT-qT) 

2Mj Mjqj 


2 2 
ParPlr 

4M4 ■ 


( 6 ) 


3. Extraction of and 

•’x 1 

By measuring the following ^j’-dependent observables, 

fd<p 


d(T 


a(n) - 
- 


i, 


d(T 


dQdVd^qrdn 


(V) 


'’The Collins-Soper frame is such that the pair is at rest and the xz-plane spanned by (4*4, Pg) and the jc-axis set by 
their bisector . 
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with n - 0,2, 4, one can single out the three terms in Eq. (5). We obtain 

0 ( 0 ) _ 

(2) _ E3 C[W3f^h^^ + (Xa ^ Xb)] 

2 fi / d^ 2 C[/f/f] ’ 

0 ( 4 ) _ 

Fig. 2 shows predictions for for the process Y +7 with different Ansatze for the TMD distributions. 

We find that the size of should be sufficient to allow for an extraction of as a function of qj. 
and are small and one would need to integrate them over q^, (up to Q^/4), to look for an experimental 
evidence of a nonzero h'^^. 

4. Conclusion 

We claim that a first experimental determination of the polarized and unpolarized gluon TMD distributions 
for X on the order of 10 “^ can be obtained from the analyses of azimuthal asymmetries and transverse- 
momentum spectra in p p —> 7/i/^(Y) yX at the LHC. The yields are large enough to perform these analyses 
using already existing data at the center-of-mass energies s/s = 7 and 8 TeV. 
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